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Introduction {#sec001}
============

Global markets for orthopedic procedures and products are estimated to reach \$41.8 billion by 2016 based on an anticipated annual growth rate of 7.4% from 2009--2016 \[[@pone.0118696.ref001],[@pone.0118696.ref002]\]. This growth can be attributed to increased applications in aging global populations and in new patient groups from developing countries \[[@pone.0118696.ref001],[@pone.0118696.ref003]\]. Major contributors to this growth are revision Total Joint Replacements (TJRs), including Total Hip Arthroplasty (THA) revisions projected to exceed 50,000 annually by 2030 and Total Knee Arthroplasty (TKA) revisions projected to number nearly 250,000 procedures by 2030 \[[@pone.0118696.ref004]\]. Despite the success of TJRs in improving quality of life, up to 10% \[[@pone.0118696.ref005]\] of these implanted devices fail, requiring revision procedures \[[@pone.0118696.ref006]\] at a cost of \$42,000-\$56,000 per revision procedure (U.S.) \[[@pone.0118696.ref007]\]. Despite consistently low failure rates (\~1--3%) for primary TJR procedures, TJR infection persists as a significant cause of implant failure, recurrent failure, and skyrocketing treatment costs. Infection recurrence rates in revision surgeries are anticipated to increase drastically to 20--30% \[[@pone.0118696.ref008],[@pone.0118696.ref009]\]. Rising numbers of TJRs combined with finite infection rates have yielded dramatic growth in numbers of patients worldwide suffering with these devastating infections \[[@pone.0118696.ref010]--[@pone.0118696.ref012]\]. Consequently, infection prevention and treatment both continue to be ongoing foci of the orthopedic community.

To address this increasing healthcare threat, current therapeutic interventions for periprosthetic infections include: 1) systemic intravenous or oral antibiotic therapy, 2) surgical intervention (e.g., irrigation and debridement, resection arthroplasty, and/or revision arthroplasty), and 3) local antibiotic therapy (e.g., antibiotic loaded bone cement (ALBC) and ALBC spacers as both permanent and temporary implants). Unfortunately, each approach suffers limitations and clinical management of these complex infections often includes a mixture of therapies, techniques, and antibiotics. Systemic long-term antibiotic treatment often fails due to poor tissue site biodistribution as well as combinations of systemic side effects, poor patient compliance, and the development of drug-resistant pathogens \[[@pone.0118696.ref013]--[@pone.0118696.ref015]\]. Surgical interventions place additional financial, temporal, occupational, or other life-style burdens on the patient and do not guarantee infection elimination. Finally, local antibiotic therapy (e.g., bone cement spacers and beads) has demonstrated the ability to reduce periprosthetic infection rates; however, this approach also possesses limitations. ALBC (e.g., Palacos G from Biomet, DePuy 1 from DePuy Orthopaedics, Cemex Genta from Exatech, Versabond AB from Smith & Nephew, or Simplex P from Stryker Orthopaedics), the most common local antibiotic-delivering device for orthopedic applications, is regulated in the U.S. by the FDA for use in total joint arthroplasty revision surgeries, lacking adequate drug release kinetics to protect the entire device \[[@pone.0118696.ref016]--[@pone.0118696.ref022]\]. Moreover, after an initial drug-releasing burst phase, antibiotic concentrations quickly decline and antibiotic leaches at sub-therapeutic levels for months to years \[[@pone.0118696.ref010],[@pone.0118696.ref019]\]. This not only facilitates antibiotic resistance at the implant site, but also allows any unretrieved bone cement to act as a foreign body and nidus for recurrent infection \[[@pone.0118696.ref023],[@pone.0118696.ref024]\]. Therefore, new antimicrobial strategies that effectively reduce known complications associated with revision TJR procedures are a compelling need.

While surgical TJR procedures, including THA and TKA, account for the majority of bone void filler (BVF) utilization, a large percentage of the more than two million orthopedic procedures performed annually in the U.S. use BVFs for repair of traumatic injury or other boney defects \[[@pone.0118696.ref025]--[@pone.0118696.ref028]\]. Significantly, a substantial fraction of secondary non-cemented revision TJR procedures require bone graft to support host tissue implant integration. Consequently, the demand for BVFs is estimated at \~\$1.3 billion within an expanding \$29 billion total orthopedics biomaterial market \[[@pone.0118696.ref025],[@pone.0118696.ref029],[@pone.0118696.ref030]\]. Estimates put the BVF market for knee reconstruction alone at \$600 million by 2030 with an additional \$150 million for THA (estimated from an average BVF volume per revision of 12.7 ml and \~\$1,800 per surgery); the future need for BVF with reliable osseointegration and antimicrobial properties is therefore substantial \[[@pone.0118696.ref003],[@pone.0118696.ref031]\]. A successful BVF will be biologically active, possessing the following characteristics: biocompatibility (tissue-benign with minimal foreign body response), bioresorbability, and osseointegrating (integration with host bone) \[[@pone.0118696.ref005],[@pone.0118696.ref013],[@pone.0118696.ref026]\]. Given the high incidence of infections in TJR revisions and the prevalence of bone graft in these procedures, a resorbable antibiotic-eluting BVF is considered an attractive clinical option \[[@pone.0118696.ref005],[@pone.0118696.ref028]\].

The hypothesis driving this work is that an implanted resorbable antibiotic-eluting BVF with extended drug release capability reliably prevents bone infection while facilitating bone integration and eventual resorption. Previous reports \[[@pone.0118696.ref013], [@pone.0118696.ref032]\] utilizing this polymer-controlled, antibiotic-releasing BVF demonstrated the ability to eliminate high bacterial inocula (e.g., 10^7^ colony forming units (CFU) per milliliter) in *in vitro* assays \[[@pone.0118696.ref013]\] beyond 8 weeks. Thus, based on extensive *in vitro* characterization, a BVF composite comprising synthetic highly porous inorganic granules combined with other clinically familiar degradable components (e.g., both inorganic and polymer phases) \[[@pone.0118696.ref033]--[@pone.0118696.ref037]\] should provide appropriate pharmacokinetics to eliminate a periprosthetic bacterial challenge and provide a resorbable, osteoconductive scaffold to facilitate host tissue integration in a rabbit radial window defect model. The hypothesis was investigated using the following aims: 1) assess *in vivo* antimicrobial efficacy and 2) determine the suitability of the antibiotic-eluting BVF to provide an osteoconductive matrix to support active bone remodeling using an established rabbit radial window defect model \[[@pone.0118696.ref023], [@pone.0118696.ref027]\]. These aims were evaluated using quantitative and qualitative assessments of histology, radiography, and microbiology. Here we report the first phase of an extensive *in vivo* study designed to follow on previous *in vitro* testing \[[@pone.0118696.ref013],[@pone.0118696.ref025],[@pone.0118696.ref032]\]

Methods {#sec002}
=======

Antibiotic-Eluting BVF Fabrication {#sec003}
----------------------------------

Antibiotic-eluting BVF devices were fabricated as previously described \[[@pone.0118696.ref032]\]. Briefly, granular ceramic commercial bone grafting biomaterial (ProOsteon 500R ---a hydroxyapatite (HAP) calcium carbonate-based hybrid coralline bone void filler, Biomet, USA---HAP/BVF hybrid) was morselized and sieved to 150--425 μm. Polycaprolactone (\~24% w/w, 10 kDa, PCL, Sigma 440752) and polyethylene glycol (\~3% w/w, 20 kDa, Sigma P2263) were mixed and melted at 75°C. Subsequently, morselized ProOsteon 500R hydroxyapatite coralline (HAP) granules (\~63% w/w) and tobramycin sulfate powder (\~10% w/w, Research Products International) were mixed into the molten two-component polymer slurry. [Table 1](#pone.0118696.t001){ref-type="table"} summarizes this implant compositional design for each implant cohort. The molten bone void filler mixture was compressed into a single silicone mold containing twelve 2 mm x 2 mm x 6 mm rectangular cutouts. The resulting rectangular BVF implants were allowed to solidify at room temperature and then quality control-assessed as described previously \[[@pone.0118696.ref032]\]. All BVF implants were sterilized via Sterrad sterilization, a low temperature hydrogen peroxide gas plasma processing to preserve both polymer integrity and antibiotic activity prior to implantation.

10.1371/journal.pone.0118696.t001

###### Cohort designs for rabbit radial window defects implanted with bone graft with or without tobramycin and with or without *S*. *aureus*.

![](pone.0118696.t001){#pone.0118696.t001g}

  **Cohort**                               **Implant Description**                              **Infectious Dose**   **Morbidity/Infection**                   **Time to Sacrifice (weeks)**   **Cohort Purpose**
  ---------------------------------------- ---------------------------------------------------- --------------------- ----------------------------------------- ------------------------------- -----------------------------------------------
  1                                        HAP/BVF hybrid                                       None                  No infection                              8                               Surgical control
  2                                        HAP/BVF hybrid                                       10^5^ CFU             Massive local infection                   2--4                            Infection model validation
  3[\*](#t001fn001){ref-type="table-fn"}   HAP/BVF + PCL/PEG polymers, no antibiotic            None                  No infection                              8                               Safety of the polymers
  4                                        HAP/BVF + PCL/PEG polymers, no antibiotic            10^5^ CFU             Signs of a local infection, self healed   8                               Safety and antimicrobial efficacy of polymers
  5                                        HAP/BVF hybrid, 10% antibiotic soak                  10^5^ CFU             Signs of a local infection, self healed   8                               Current clinical practice control
  6[\*](#t001fn001){ref-type="table-fn"}   HAP/BVF + PCL/PEG polymers + tobramycin antibiotic   None                  No infection                              24                              Osseointegration Control
  7                                        HAP/BVF + PCL/PEG polymers + tobramycin antibiotic   10^7^ CFU             No observable infection                   8                               Test device

\* Data not presented in this manuscript.

Cohort Experimental Design {#sec004}
--------------------------

Each cohort included seven animals according to a power analysis and as supported by literature \[[@pone.0118696.ref034],[@pone.0118696.ref038]\]. For Cohorts 1, 2 and 5, the ProOsteon 500R HAP/BVF hybrid was not granulated and instead was shaved to be the same dimensions (\~2 mm x 2 mm x 6 mm) as the antibiotic-eluting BVF polymer composite devices. Cohort 1 did not include any antibiotic, polymer, or infectious inoculum to assess the sterility of the surgical procedure. Analogous with the Cohort 1 implant, Cohort 2 did not include any antibiotic or polymer but did include an infectious inoculum to assess the ability of the experimental model to produce a propagating bone infection in the presence of the BVF/HAP device substrate. Cohort 2 was designed to represent the current clinical standard for filling bone voids. To serve as a direct challenge to Cohort 2 the antibiotic- eluting bone void filler (Cohort 7) was developed to reduce the rate of device related infection, associated with these procedures, as well as act as a bone void filling material. No antibiotic was utilized in Cohorts 3 and 4 to assess the safety of the polymer components of the device both in the absence (Cohort 3) and the presence (Cohort 4) of an infectious inoculum. Cohort 5 implants, representative of a current clinical practice comparator, were not a granulated HAP/BVF hybrid but instead a larger "shaved" fragment of HAP/BVF soaked in a 10% tobramycin saline solution for 10 minutes immediately prior to implantation. Cohort 6 was implanted with the polymer-controlled, antibiotic-eluting BVF/HAP composite device but did not include an infectious inoculum. This cohort was also extended to 24-weeks to allow sufficient time for cellular infiltration and host bone ingrowth (i.e. osseointegration). Cohort 7 (test cohort) was designed to assess the antimicrobial efficacy of the polymer-controlled, antibiotic-eluting BVF/HAP composite device by including a rigorous infectious challenge. This test cohort was subsequently compared to Cohort 2 (isolated the BVF/HAP hybrid component of the device), Cohort 4 (isolated the BVF/HAP hybrid substrate with the polymer components), and Cohort 5 (representative of current clinical practice---release of drug from BVF/HAP hybrid in the absence of the polymer barrier).

Bacterial Strain {#sec005}
----------------

All bacterial inocula and *in vitro* microbial methods used *Staphylococcus aureus* (*S*. *aureus*) strain UAMS-1 (ATCC strain 49230) as previously described \[[@pone.0118696.ref013],[@pone.0118696.ref034],[@pone.0118696.ref032],[@pone.0118696.ref039]\]. For preparation of bacterial inoculum, the strain was grown overnight on 5% sheep blood agar at 37°C. Isolated colonies were suspended in sterile saline to an optical density of 10^5^ (Cohorts 2, 4, and 5) or 10^7^ (Cohort 7) CFU in 50 μL using a nephelometer (BD Biosciences, USA). Note that Cohort 7 (test device) was inoculated with 100-fold larger CFU to provide a more rigorous infectious challenge.

*In Vivo* Rabbit Radial Infection Model {#sec006}
---------------------------------------

All experiments were carried out in accordance with the guidelines of the Institutional Animal Care and Use Committee at the University of Utah (Center for Comparative Medicine, an AAALAC-approved facility, University of Utah) under the direction of skilled veterinary staff. Seven cohorts (n = 7) ([Table 1](#pone.0118696.t001){ref-type="table"}) of skeletally mature New Zealand white rabbits (3--4 kg) were used to isolate each variable of the new drug delivery system to assess the antimicrobial efficacy of the device (see [Cohort Experimental Design](#sec004){ref-type="sec"} and [Table 1](#pone.0118696.t001){ref-type="table"}). Rabbits were individually housed in temperature-controlled cages at 30--40% humidity under a 12-hour light/dark cycle and provided food and water *ad libitum*. The surgical procedure was adapted from prior protocols of Koort et al. \[[@pone.0118696.ref038]\] and Smeltzer et al. \[[@pone.0118696.ref039]\]. Briefly, each rabbit was weighed, body temperature was recorded, and the rabbits were anesthetized with isofluorane for the duration of the surgery. The medial surface of the right forelimb was clipped and scrubbed with a povidone iodine surgical scrub solution (Medline, USA) followed by three wipes with 70% ethanol and a final povidone iodine surgical scrub solution to create a sterile field. Subsequently, the surgical site was draped and the medial surface of the radius was surgically exposed. A transcortical defect (\~6 mm by 2 mm by 2 mm) was drilled using a burr with saline irrigation into the proximal medial metaphysis of the right radius ([Fig. 1](#pone.0118696.g001){ref-type="fig"}). The local bone marrow was removed by saline lavage and 10^5^ (Cohorts 2, 4, and 5, [Table 1](#pone.0118696.t001){ref-type="table"}) or 10^7^ (Cohort 7, [Table 1](#pone.0118696.t001){ref-type="table"}) CFU of *S*. *aureus* was injected into the medullary canal, proximal to the window defect. No bacteria were used in control cohorts (Cohorts 1, 3 and 6, [Table 1](#pone.0118696.t001){ref-type="table"}). The surgical defect was then filled with the antibiotic-eluting BVF (each device was approximately 42 mg). The sterilized 2 mm x 2 mm x 6 mm antibiotic-eluting BVF device was press-fit into the drilled bone window defect and the soft tissue was closed over the defect with 3.0 silk sutures. When placed, the BVF device appeared to have only minimal penetration into the marrow space and was clearly visible in the surgical site prior to soft tissue closure. A fur patch at the nape of the neck was clipped and a fentanyl patch applied for post-operative pain control. Additionally, buprenorphine was administered subcutaneously (0.03 mg/kg) for immediate analgesic effects. The dosage was repeated at 8--10 hour intervals 2--3 times as indicated for pain management or prescribed by veterinary staff. Perioperative antibiotics, usually the standard of care, were withheld due to study objectives. Rabbits were monitored daily for signs of pain or distress and examined weekly under isofluorane anesthesia throughout post-operative recovery. Weekly examinations included radiographs, temperature and weight recordings, wound site evaluation and scoring, and blood microbiology for systemic infection determination. Rabbits exhibiting symptoms of infection including altered body temperature, suppressed appetite, purulent discharge from the wound site, radiographic evidence of progressive osteomyelitis, and/or altered gait were removed from the study prior to the study endpoint.

![Schematic describing the surgical procedure for the rabbit radial BVF implant.](pone.0118696.g001){#pone.0118696.g001}

Euthanasia {#sec007}
----------

Rabbits were evaluated using a modification of the Checketts' grading scale for bone health ([Table 2](#pone.0118696.t002){ref-type="table"}) and a modification of the Petty grading scale for infection ([Table 3](#pone.0118696.t003){ref-type="table"}) as well as recommendations of veterinary staff \[[@pone.0118696.ref040]--[@pone.0118696.ref042]\]. Animals were euthanized if a composite score of greater than 2.5 was observed, using NIH guidelines for the humane treatment of animals as well as approved in University of Utah IACUC protocol 12--01004. Animals were euthanized in cases of blood-borne infection, overwhelming localized infection, excessive signs of distress, appetite suppression, limited water consumption, lethargy, or lameness. Briefly, animals were anesthetized with isofluorane prior to injection of beuthanasia (1 ml / 4.5 kg).

10.1371/journal.pone.0118696.t002

###### Modified Checketts' scale for bone health \[[@pone.0118696.ref042]\].

![](pone.0118696.t002){#pone.0118696.t002g}

  **Parameter**                       **Score**                                                                             **Description**
  ----------------------------------- ------------------------------------------------------------------------------------- --------------------
  Intraosseous acute inflammation     0                                                                                     Normal/Not present
  1                                   Minimal to mild inflammation with no intramedullary abscess                           
  2                                   Moderate to severe inflammation with no intramedullary abscess                        
  3                                   Minimal to mild inflammation with intramedullary abscess                              
  4                                   Moderate to severe inflammation with intramedullary abscess                           
  Intraosseous chronic inflammation   0                                                                                     Normal/Not present
  1                                   Minimal to mild chronic inflammation with no significant intramedullary fibrosis      
  2                                   Moderate to severe chronic inflammation with no significant intramedullary fibrosis   
  3                                   Minimal to mild chronic inflammation with significant intramedullary abscess          
  4                                   Moderate to severe chronic inflammation with significant intramedullary abscess       
  Periosteal inflammation             0                                                                                     Normal/Not present
  1                                   Minimal to mild inflammation with no subperiosteal abscess formation                  
  2                                   Moderate to severe inflammation with no subperiosteal abscess formation               
  3                                   Minimal to mild inflammation with subperiosteal abscess formation                     
  4                                   Moderate to severe inflammation with subperiosteal abscess formation                  
  Bone necrosis                       0                                                                                     Normal/Not present
  1                                   Single focus of necrosis without sequestra formation                                  
  2                                   Multiple foci of necrosis without sequestra formation                                 
  3                                   Single focus of sequestra                                                             
  4                                   Multiple foci of sequestra                                                            

10.1371/journal.pone.0118696.t003

###### Modified Petty scale to assess infection (i.e., external inflammation, soft tissue inflammation, bone necrosis, and osteomyelitis) during post-operative monitoring \[[@pone.0118696.ref042]\].

![](pone.0118696.t003){#pone.0118696.t003g}

  **Score**   **Modified Petty Score**
  ----------- -----------------------------------------------------------------------------------------------------------------------------------------------
  0           No evidence of infection
  1           Infection involving the skin and subcutaneous skin only (Mild) Local swelling, local tenderness, local warmth, erythema \>0.5-2cm around site
  2           Infection with erythema \>2cm plus one of the following (moderate), swelling, tenderness, warmth or discharge
  3           Infection with erythema \>2cm plus infection of the deeper tissues (severe)
  4           Any local infection with evidence of two metabolic perturbations (Critical)

Radiography {#sec008}
-----------

Pre- and post-operative radiographs were captured as well as weekly images from both anteroposterior and lateral views using an OEC Miniview 6600 (GE Healthcare). Infection indicators were assessed on the basis of evidence: (a) inflammation, (b) bone necrosis, (c) widening of the bone shaft, (d) formation of new bone, and (e) deformation of soft tissue \[[@pone.0118696.ref039]\].

Post-Operative Microbiology {#sec009}
---------------------------

Following euthanasia and dissection of the surgical site, aseptic swabs of the soft tissue and of the implant site in the bone were taken. Swabs were cultured on 5% sheep blood agar plates for 24 hours to 72 hours at 37°C.

Bone Histological Processing {#sec010}
----------------------------

Post-euthanasia, each implant site was dissected for fixation. Importantly, soft tissue was dissected from the bone and processed independently. Bone samples were cut no thicker than 3--5 mm to ensure fixative penetration. All steps of the fixation and dehydration process occurred at room temperature at 20 times the volume of the sample \[[@pone.0118696.ref041]\]. Both bone and soft tissue samples were placed in 10% Neutral Buffered Formalin (NBF) (Fisher, USA) for 3 days. The fixative was changed and replaced twice for another 3 days. The samples were then placed in 70% ethanol (EtOH) for 2--3 days. The samples were rinsed for 10 minutes in deionized (DI) water. The 70% EtOH step was repeated three times for 24 hours each. The samples were then placed in 95% EtOH three times for 24 hours each. The sample was then placed in 100% EtOH three times for 24 hours. After fixation, bone samples were infiltrated by methyl methacrylate (MMA) under vacuum at 4°C. The fixed bone samples were placed into a 200 ml container of 80% methyl methacrylate (MMA, Polysciences, USA) and 20% n-butyl phthalate (plasticizer, Sigma Aldrich, USA) for five days. Next, bone samples were infiltrated sequentially by placing the sample into a 200 ml container of: 1) 80% MMA and 20% n-butyl phthalate and 0.1 grams of benzoin methyl ether (Polysciences, USA) for seven days and 2) 80% MMA and 20% n-Butyl phthalate and 0.2 grams of benzoin methyl ether for 9 days. After infiltration, bone samples were placed in an ultraviolet (UV) light-transparent container and embedded to a 2--3 cm depth of a solution of 80% MMA and 20% n-butyl phthalate and 0.2 grams of benzoin methyl ether and allowed to polymerize under UV exposure. The embedding step was repeated until the sample was completely encased in hard poly(methyl methacrylate) (PMMA) with each PMMA layer being allowed to cure prior to the next layer being added. Samples were cut into 1 mm thick sections using a bone saw (Isomet Low Speed Buehler Saw) and mounted on plastic histology slides after which they were ground and polished to optical transparency (\~50--70 μm).

Histological Staining {#sec011}
---------------------

Each section was ground (400 grit sand paper) and polished (0.3 μm aluminum silicate polisher) to visual clarity. Three sections from each sample were stained using a Sanderson's rapid bone stain (Dorn and Hart Microedge, USA) with an acid fuchsin counter stain according to the manufacturer's protocol. Briefly, Sanderson Rapid Bone Stain (SRBS) and a water wash were heated to 55°C. SRBS was applied to sections for 2 minutes after which the slide was rinsed in water wash (20 seconds). Slides were not dried and the acid fuchsin was applied for 15--30 seconds followed by room temperature water wash for 20 seconds. Slides were visualized using either a Nikon Eclipse TE2000-U with a 12-bit Retiga Exi color camera (QImaging, USA) and QCapture software or the Zeiss Axio scan.Z1 with Zen software to stitch the images together. Images were captured at a 2x-20x magnification.

Histological Scoring {#sec012}
--------------------

Histology was scored (scale of 0 to 4) by three independent and blinded investigators under light microscopy for: 1) capsule thickness (4 = \<50 μm; 0 = \>250 μm), 2) inflammatory response (4 = no inflammatory response; 0 = moderate to severe inflammation with abscess), 3) cellular infiltration (4 = mostly bone; 0 = dense tissue and exclusively inflammatory cells), and 4) qualitative bone reaction (4 = similar appearance to host bone; 0 = dead bone) according to Sinclair's histomorphological scale \[[@pone.0118696.ref040]\]. All scores from a single cohort were averaged for each metric.

Statistical Methods {#sec013}
-------------------

Based on pilot studies, seven rabbits per cohort were necessary for statistical significance (an expected difference of 2.0 in the ratio for the antimicrobial cohort versus the control cohort with no antibiotics, a standard deviation for both cohorts of 1.0, a type I error of 0.05, and power of 80% \[[@pone.0118696.ref043]\]). Pairwise one-way ANOVA was used to determine significant differences between cohorts (p ≤ 0.05) based on the semi-quantitative scoring of Sanderson stained histology slides.

Results {#sec014}
=======

To corroborate previous *in vitro* findings of extended antimicrobial efficacy \[[@pone.0118696.ref013],[@pone.0118696.ref032]\], antibiotic-eluting BVF polymer composite implants were manufactured as described previously \[[@pone.0118696.ref032]\] and implanted into a cortical window defect in an established rabbit radial model ([Fig. 1](#pone.0118696.g001){ref-type="fig"}) \[[@pone.0118696.ref038],[@pone.0118696.ref039]\]. Antibiotic-eluting polymer-controlled BVF/HAP composite devices were easily fabricated in controlled dimensions, readily handled and compressed into the molds, shaped and carved for facile perioperative manipulation in diverse bone site dimensions and geometries. Each component of the BVF polymer composite was isolated and investigated to assess the specific *in vivo* response to the BVF (Cohorts 1 and 2), the polymer component (Cohorts 3 and 4), the surgical procedure (Cohort 1), normal host bone healing (Cohort 1), and the antibiotic-eluting BVF polymer composite (Cohorts 6 and 7). Animals were divided into seven statistically significant cohorts and evaluated for morbidity and mortality, to assess both safety and antimicrobial efficacy. Cohorts are described in the materials and methods above and in [Table 1](#pone.0118696.t001){ref-type="table"}.

Morbidity and Mortality Scoring {#sec015}
-------------------------------

Morbidity and mortality were monitored for eight weeks ([Fig. 2](#pone.0118696.g002){ref-type="fig"}). Morbidity was scored according to the modified Checketts' and Petty scales shown in Tables [2](#pone.0118696.t002){ref-type="table"} and [3](#pone.0118696.t003){ref-type="table"} \[[@pone.0118696.ref040]\]. Importantly, the higher the score the more adverse the outcome or the more morbidity was noted. Animals in infected control (Cohort 2) displayed significant distress with distinct signs of morbidity and infection (average score two weeks post-operative was 2.36 ± 0.85). All Cohort 2 animals had to be euthanized between 2--4 weeks per animal care guidelines. Animals in all remaining cohorts (Cohorts 1, 3--7) survived throughout the study as indicated by 100% survival ([Fig. 2B](#pone.0118696.g002){ref-type="fig"}). Importantly, animals in control uninfected (Cohort 1) implanted with a carved monolith of commercial HAP only displayed minimal symptoms of background surgical morbidity (average score two weeks post-operative was 0.17 ± 0.41). Animals implanted with antibiotic-eluting BVF polymer composite and inoculated with 10^7^ CFU *S*. *aureus* (compared to 10^5^ *S*. *aureus* used for the other cohorts) showed little to no morbidity (average score two weeks post-operative was 0.17 ± 0.38). Antibiotic controlled release (Cohort 7) was compared to intra-operatively HAP/BVF granules soaked in tobramycin (Cohort 5---average score two weeks post-operative was 1.08 ± 0.49) and placed in the defect site. Cohort 5 showed more morbidity than Cohort 7 polymer-controlled antibiotic release as indicated by the higher score ([Fig. 2](#pone.0118696.g002){ref-type="fig"}). Surprisingly, Cohort 4 (BVF with polymer but lacking antibiotic) showed signs of morbidity (average score two weeks post-operatively was 1.00 ± 0.00) but little to no mortality. Animal temperature and weight never varied beyond the standard deviation for all the study animals (data not shown), and only animals in Cohort 2 produced a positive mid-study culture (data not shown).

![A) Rabbit morbidity scores plot and B) Kaplan-Meier survival plot post-surgery and treatment.\
Note that in 2B, graphs for Cohorts 1, 4, 5, and 7 are completely overlaid, indicating 100% survival in all of these cohorts. In both 2A and 2B, only infected cohorts are shown with the exception of Cohort 1, which was included as a non-infection comparator.](pone.0118696.g002){#pone.0118696.g002}

Microbiology {#sec016}
------------

To verify that signs of infection and morbidity were attributed to a localized and not a systemic infection, blood was collected weekly and cultured for the presence of bacteria. All Cohort 2 animals were euthanized prior to the 8-week study endpoint (between 2 and 4 weeks) due to substantial localized infection. At necropsy, swabs of soft tissue and bone surrounding the surgical site were aseptically obtained and cultured ([Fig. 3](#pone.0118696.g003){ref-type="fig"}). Not surprisingly, every Cohort 2 animal showed significant bacterial counts from bone swabs, and the majority (85.7%) of animals were colony-positive from soft tissue swabs, although colonies were not counted. All colonies appeared to be homogenous *S*. *aureus* colonies. No colonies were detected in either the bone or soft tissue from Cohort 1 or Cohort 3 animals. Only a few animals in control Cohorts 4 and 5 were colony-positive from bone swabs (28.6% and 14.3% respectively) with additional positive cultures from soft tissue swabs (71.4% and 28.6% respectively). None of the animals included in antibiotic-eluting BVF Cohort 7 were colony-positive in either bone or the soft tissue, despite the substantially larger infectious *S*. *aureus* inoculum.

![Microbiology assessments post euthanasia.\
Data represent the number of animals with culture positive swabs. No bacteria were detected in the blood of any animals. Only infected cohorts are shown with the exception of Cohort 1, which was included as a non-infection comparator. Note that Cohort 2 animals were euthanized prior to all other cohorts due to evident localized infection.](pone.0118696.g003){#pone.0118696.g003}

Radiographic Evaluation {#sec017}
-----------------------

Bone response to the antibiotic-eluting BVF was assessed via weekly radiographic evaluations. All animals in Cohort 2 showed radiographic signs of infection and/or displacement of the implant as it was ejected from the surgical site into adjacent soft tissue ([Fig. 4](#pone.0118696.g004){ref-type="fig"}). Alternatively, animals in Cohort 1 showed no such radiographic evidence of device displacement, no evidence of significant soft tissue inflammation, and a slightly protruding boney callus formation. Animals in Cohort 7 also showed no device displacement, no overt signs of soft tissue inflammation, and only minimal signs of boney callus formation ([Fig. 4](#pone.0118696.g004){ref-type="fig"}). There was also radiolucency surrounding the Cohort 7 device that may be an additional indication of inadequate host bone ingrowth. Unfortunately, radiograph resolution was insufficient for complete analysis of bone-implant response.

![Radiological analysis and callus formation (Cohorts 1, 2, and 7).\
Only infectious Cohorts 2 and 7 are shown for comparison while Cohort 1 is included as a non-infection comparator. The presence of a distinct boney callus in Cohorts 1 and an incomplete bridging callus in Cohort 7 are indicative of bone healing. Although soft tissue inflammation cannot be quantitatively assessed, there appeared to be little or no soft tissue inflammation in Cohort 7 compared to Cohort 1, indicating a relatively normal bone healing response. Cohort 2 shows pronounced signs of infection as the device is displaced (indicated by a red arrow).](pone.0118696.g004){#pone.0118696.g004}

Histologic Evaluation {#sec018}
---------------------

Visual analysis of the dissected surgical site showed bridging callus formation in Cohort 1 and incomplete bridging in Cohorts 4 and 7, typical of normal bone healing (data not shown). Sanderson's-stained histology sections ([Fig. 5](#pone.0118696.g005){ref-type="fig"}) corroborated the findings of the radiographic images, showing significant soft tissue inflammation and device displacement in Cohort 2 and more complete bone bridging with little soft tissue response in Cohort 7. Based on a published scoring system (Tables [2](#pone.0118696.t002){ref-type="table"} and [3](#pone.0118696.t003){ref-type="table"}) \[[@pone.0118696.ref040], [@pone.0118696.ref042]\], Cohort 2 had 1) minimal capsule thickness (0.14 mm ± 0.36 mm), 2) significant osteoclastic resorption (1.07 ± 0.96), 3) minimal to mild inflammation with abscess (0.67 ± 1.18), and 4) dense inflammatory tissue surrounding the implant (0.47 ± 0.64) in the absence of the device polymer components ([Fig. 6](#pone.0118696.g006){ref-type="fig"}). Comparatively, Cohorts 4 and 7, which both had implants with a polymer matrix component, produced significantly different assessments when compared to Cohort 2, but not significantly different to each other when considering the quality of the bone (1.78 ± 0.88 and 2.38 ± 1.09 respectively, p = 0.052) or the capsule thickness (2.11 ± 1.32, 2.75 ± 1.06, respectively. p = 0.067), which was ≥100 μm and ≤150 μm. Cohort 4 did not produce significantly more inflammation compared to Cohort 7 (p = 0.02), but did produce less than Cohort 2 (p \< 0.005) (2.44 ± 1.04 and 3.19 ± 0.66, respectively). Cohort 7 did have significantly different (p = 0.013) osseointegration (2.69 ± 0.048) compared to Cohort 4 (1.94 ± 1.06), but greater integration when compared to Cohort 2 (p \< 0.005). Neither Cohort 4 nor 7 had substantial osseointegration evident at 8 weeks ([Fig. 6](#pone.0118696.g006){ref-type="fig"}). Cohort 3 showed no statistically significant differences (capsule thickness p = 0.45, qualitative bone response p = 0.92, periprosthetic inflammation p = 0.78, bone ingrowth p = 0.29) when compared to Cohort 4 on any metric measured and thus the majority of the Cohort 3 data are not presented for purposes of clarity and will be presented in a future manuscript. Cohort 6 animals were followed for 24 weeks to allow ample time for osseointegration; however, these results will be reported in a future manuscript, as this was the only cohort specifically designed to assess longer-term host bone integration. All data presented is deposited in a public repository that can be accessed at doi: [10.5061/dryad.q84m0](http://dx.doi.org/10.5061/dryad.q84m0).

![Sanderson's Rapid Bone Stain (Cohorts 2 and 7).\
Two images are shown for each cohort to represent intrinsic variability in bone response to treatment. Soft tissue (blue), presumably fibrous capsule, immune cells, and infection are present in Cohort 2, but mostly lacking in Cohort 7. (2X magnification) BVF---Bone void filler, HB---Host bone. Insets are at 10X magnification.](pone.0118696.g005){#pone.0118696.g005}

![Semi-quantitative histology scoring.\
Histology images (20x) were obtained from each rabbit and assessed based on the capsule thickness (A), qualitative bone reaction (B), periprosthetic inflammation (C), and bone ingrowth (D). \* significance p ≤ 0.05](pone.0118696.g006){#pone.0118696.g006}

Discussion {#sec019}
==========

The numerous BVFs currently used in bone repair remain susceptible to implant infection despite ongoing efforts to develop BVFs that locally release antibiotic \[[@pone.0118696.ref025], [@pone.0118696.ref035]--[@pone.0118696.ref037],[@pone.0118696.ref044],[@pone.0118696.ref045]\]. Local, extended antibiotic release to target pathogens at the BVF and prosthetic implant site minimizes development of antibiotic resistance by maintaining sustained drug amounts sufficient to eliminate microbial infection. Unfortunately, current designs that integrate local antibiotic release into BVF as a combination device suffer from large, early bolus drug release which not only risks local tissue toxicity in its magnitude, but exhibits bioactivity shorter than the clinically relevant 6--8 week window required to address senescent persistor organisms. Reliable infection control throughout the critical 6--8 week post-operative window routine for TJR hardware exchange as standard of care for two-stage revision procedures \[[@pone.0118696.ref025]\] is critical. These burst pharmacokinetics also leave patients susceptible to biofilm formation or development of antibiotic-resistant pathogens \[[@pone.0118696.ref010],[@pone.0118696.ref025]\]. Thus, this work sought to develop an antibiotic-eluting BVF that 1) released antibiotic at therapeutic levels for 6--8 weeks, 2) was resorbable and osteoconductive, and 3) was able to integrate with host tissue. We hypothesized that local antibiotic release would target pathogens at the BVF site and would eliminate the periprosthetic bacterial burden, as well as provide an osteoconductive matrix for bone remodeling. For this to occur it was important that polymer resorption occur at a rate analogous to, or slightly faster than, the rate of host bone ingrowth. Based upon the observed and measured outcomes, this work corroborated previous *in vitro* work and demonstrated that the polymer-controlled, antibiotic-eluting BVF was able to eliminate a periprosthetic infection challenge of 10^7^ CFU *S*. *aureus in vivo*. Although animals implanted with the antibiotic-eluting bone void filler showed no signs of infection through 8 weeks, the device design failed to prove osteoconductive and integrated only minimally in 8 weeks with the surrounding host tissue as evidenced by histology.

Animals in control Cohort 1 showed no signs of infection, as expected, and validated the aseptic technique used for the surgical procedures. In contrast, all animals in Cohort 2 demonstrated signs of a positive and progressive infection and required euthanasia within the first 4 weeks following the procedure due to unresolved, localized, serious infection (composite score greater than 2.5---[Fig. 2B](#pone.0118696.g002){ref-type="fig"}). Additionally, Cohort 2 had the thickest fibrous capsule, most significant inflammation, lack of new bone growth, as well as significant bone abscess and dead bone ([Fig. 6](#pone.0118696.g006){ref-type="fig"}). Most significantly, when compared to Cohort 2, the rabbits that received the polymer-controlled, antibiotic-eluting BVF (Cohort 7) remained healthy throughout the 8-week study, as predicted based on the previous *in vitro* kinetic results \[[@pone.0118696.ref013],[@pone.0118696.ref032]\], having significantly thinner fibrous capsule (p \< 0.005), less inflammation (p \< 0.005), and more bone ingrowth (p \< 0.005) despite a significantly more adverse bone reaction (p \< 0.005). In contrast, rabbits in the other deliberately infected cohorts (Cohorts 4 and 5) consistently exhibited clinical signs of infection, and/or showed culturable bacterial colonization of implants.

It was expected that Cohort 5 animals would show delayed onset infection, due to the lack of a polymer barrier and fast tobramycin diffusion away from the device. However, this was not observed ([Fig. 2A](#pone.0118696.g002){ref-type="fig"}). Based on the improved morbidity over time, it is thought that the initial burst of antibiotic was sufficient to support the rabbit's substantial immune system \[[@pone.0118696.ref039],[@pone.0118696.ref046]\] at an infectious burden of 10^5^ CFU. Such an effect is not anticipated with larger CFU inoculums. Animals in infected Cohort 4, lacking antibiotic, displayed initial signs of infection (average Petty score of 1, two weeks post-operatively, [Fig. 2A](#pone.0118696.g002){ref-type="fig"}) that eventually resolved. This may suggest some intrinsic antimicrobial properties for the BVF HAP/PCL/PEG matrix ([Fig. 2](#pone.0118696.g002){ref-type="fig"}). Based on previous *in vitro* studies that characterized the fabrication methodology \[[@pone.0118696.ref032]\], this device appeared to have a similar porosity and mechanical integrity as those implants that included antibiotic. An antimicrobial effect in this cohort was unexpected, and the polymer's potential intrinsic antimicrobial properties are currently being explored.

All implants were placed immediately following pathogen inoculation in the marrow space. Intra-cohort evaluation of the consistency of the data suggested that time of incubation prior to device placement was not a significant contributor to inter-cohort differences. While *in vivo* kinetics and biodistribution of released drug were not determined, based on previous *in vitro* drug release kinetics \[[@pone.0118696.ref013],[@pone.0118696.ref032]\] and literature reports \[[@pone.0118696.ref034]\] for this infection model, certain expectations were defined for each cohort; however, objectivity was retained via blinded scoring.

Although this study allowed for significant discoveries pertaining to the bactericidal nature of this antibiotic-eluting BVF, this study is not without its limitations. Most significantly, osseointegration was not achieved in the course of the 8-week study in Cohorts 4 or 7, as evidenced by a comparison with the bone response of the antibiotic-soaked BVF/HAP in Cohort 5, which displayed a thinner fibrous capsule, minimal inflammation, and more tissue ingrowth ([Fig. 6](#pone.0118696.g006){ref-type="fig"}). After eight weeks *in vivo*, Cohorts 4 and 7 revealed a thick fibrous capsule and minimal-to-no bone ingrowth (Figs. [5](#pone.0118696.g005){ref-type="fig"} and [6A](#pone.0118696.g006){ref-type="fig"}). No significant difference in capsule thickness (p = 0.067) or qualitative bone response (p = 0.052) was detected between Cohorts 4 and 7 ([Fig. 6](#pone.0118696.g006){ref-type="fig"}).

Yeo et al. explored a PCL/tricalcium phosphate composite device implanted in the abdominal cavity of a rat over 24 weeks and noted the absence of foreign body giant cells, the hallmark of a chronic and pathological foreign body response, and a limited fibrous capsule. The apparent discrepancy between the limited fibrous encapsulation observed in this prior study \[[@pone.0118696.ref047]\] and the pronounced encapsulation observed in the current study could be a reflection of vast differences in the *in vivo* model, the PCL molecular weight, or the methodologies used for device fabrication. Nevertheless, an important feature of any implanted, degradable, polymer-controlled drug-releasing implant is the balance between implant degradation that enables appropriate drug pharmacokinetics to eliminate infection and host bone healing essential to the BVF \[[@pone.0118696.ref048],[@pone.0118696.ref049]\]. Healing and bone regeneration must occur at rates analogous to device degradation to preserve bone structural integrity \[[@pone.0118696.ref050]--[@pone.0118696.ref052]\]. We posit that the slow PCL degradation *in vivo* \[[@pone.0118696.ref053],[@pone.0118696.ref054]\] in this BVF form inhibits bone cell infiltration and subsequent host bone integration ([Fig. 6D](#pone.0118696.g006){ref-type="fig"}), and elicits the pronounced fibrous capsule formation in Cohorts 4 and 7.

Based on the preponderance of relatively inactive yellow marrow in the intermedullary canal of the older, larger animals used out of necessity in this study \[[@pone.0118696.ref055]\], it is possible that the 8-week time point represented an inadequate time frame in which to see normal bone turn-over and osseointegration. Hutmacher et al. considered bone mineralization and ingrowth into PCL scaffolds in both long-term (2 years) and short-term (15 weeks) *in vivo* model systems as an indication of biocompatibility, finding limited bone ingrowth within 15 weeks \[[@pone.0118696.ref056],[@pone.0118696.ref057]\]. Additionally, Miyai et al. observed limited new bone formation at the surface of their antibiotic releasing PCL/β-tricalcium phosphate device after 4 weeks in a rabbit mandible osteomyelitis model with significant ingrowth after 50 weeks \[[@pone.0118696.ref058]\]; however, they observed limited infection control. Both of these studies produced similar results at their early time points when compared to the new bone growth observed in this study. Nevertheless, polymeric/HAP composite components in future device formulations can readily be altered to accelerate the matrix resorption, facilitating improved host bone integration. Furthermore, the observed high burst rate and fractional load of antibiotic is known to hinder the ability of osteoblasts to initiate bone remodeling \[[@pone.0118696.ref059]\]. Preliminary *in vivo* cytotoxicity experiments (not shown) do not support significant toxicity to cultured osteoblasts from this BVF drug release. Therefore, the actual *in vivo* host tissue response to these release kinetics and to this antibiotic are critical to the bone regenerative potential of this composite BVF device beyond its antimicrobial efficacy.

Conclusion {#sec020}
==========

While all of the BVF device components described (i.e., HAP/calcium carbonate granules, PCL and PCL polymer blends, antibiotic) have an extensive history of preclinical and clinical use \[[@pone.0118696.ref060]\], comparisons with other *in vivo* models exploring their use is of limited comparative value in the context of this new antibiotic BVF device. The BVF combination device described here represents a second-generation antibiotic-releasing bone void filler \[[@pone.0118696.ref013]--[@pone.0118696.ref015],[@pone.0118696.ref032],[@pone.0118696.ref060]\] with improved molded fabrication (i.e., consistency, ease, etc.) and enhanced drug delivery and antimicrobial activity (e.g., for tobramycin, a release duration greater than 10-weeks *in vitro*). In agreement with previous *in vitro* studies demonstrating extended bactericidal activity \[[@pone.0118696.ref013],[@pone.0118696.ref032]\], *in vivo* implantation of the antibiotic-eluting BVF was able to eradicate the infection challenge throughout the 8-week post surgery experimental time course, meeting our first objective even in the presence of a rigorous, persistent local *S*. *aureus* infectious challenge. Furthermore, in spite of inadequate osseointegration, the BVF platform described remains versatile enough to adapt to the constraints of the *in vivo* environment and can accommodate different antibiotics and drugs for release, even in combinations \[[@pone.0118696.ref032],[@pone.0118696.ref061],[@pone.0118696.ref062]\]. Future work will focus on improved osseointegration while maintaining the demonstrated anti-infective efficacy.
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